Abstract-Aiming at the modal characteristic prediction problem of orthogonal rib-stiffened sandwich plates in the condition of simply supported, the reinforced core increases the complexity of the structural control equation. Therefore, this paper establishes a complete theoretical model based on the theory of orthotropic sandwich plate, and then carries out finite element analysis and experimental test research. Compared with the theoretical calculations, the simulation and experimental natural frequencies are within the error range of 5%, and the three can effectively verify each other's accuracy, which can guide the improvement of theoretical prediction and simulation analysis.
INTRODUCTION
With the promotion of lightweight design and quiet demand, sandwich plates with the characteristics of designable performance, high specific stiffness and strength are widely used in aerospace [1, 2] underwater vehicles [3, 4] , high-speed transportation [5] and other fields. Exploring the corresponding vibroacoustic performances are essential to avoid the resonance of carrier structures and improve the comfort of equipment.
For the research on the vibroacoustic characteristics of sandwich panels, the related manuscripts and books are roughly developed according to the structure of soft cores [6] , hardened cores [7] , and periodic ribs [8] . With regard to the modal analysis of orthogonal rib-stiffened sandwich plates, the equivalent method and finite element method (FEM) are generally used. Therefore, this paper intends to establish a theoretical model for calculating structural its structural modes and gives an explicit expression corresponding to the natural frequencies.
II. THEORETICAL MODEL

A. Research Structure
An orthogonal rib-stiffened sandwich plate is shown in Figure I , which consists of top and bottom facesheets with thickness h and a core layer formed by orthogonal rib-stiffeners with thickness h c and height d. An intersection point of the symmetry plane between the two facesheets and the orthogonal rib-stiffeners is taken as the origin, and the Cartesian coordinate system as shown in the figure is established. The x-and yaxes are in the direction of the ribs, respectively, and the z-axis is vertically downward. For the research structure, it is assumed that the material properties of all parts are the same. Based on the theory of orthotropic sandwich plates, the following basic assumptions are fulfilled:
(1) Assume that the stress is uniformly distributed along the thickness of the surface layer, namely, in the status of membrane stress.
(2) Suppose that the core layer only provides transverse shear force, that is, σ x = σ y = τ xy = 0.
B. Basic Equaction and Natural Frequency
With regard to the sandwich plate manufactured by isotropic materials, the relationship between internal forces and generalized strains can be derived based on the hypothesizes as described above, as
c
where φx and φy represent the rotation angles of the straight segments perpendicular to the mid-plane xy in the xz-and yzplanes before deformation. w is the transverse deflection, Dc and C are, respectively, the bending and shear stiffness of the core layer. E and υ are Young's modulus and Poisson ratio of the structural materials.
Moreover, since only the free bending vibration of the sandwich plate is concerned, the in-plane inertial is negligible, and the equations of motion are
0
where ρ = 2hρf + hcρc, ρf and ρc are the volume densities of facesheets and core layer, respectively.
Combining with (1) ~ (5) and (7) ~ (8), the expressions containing only three generalized displacements w, φ x and φ y are separated as follows: 
Then, the generalized displacements φx and φy in the governing equation are represented by w, which has the following relations:
By substituting (15) ~ (16) and (4) ~ (5) into (9), the governing equation for w is obtained as
where
For the orthogonal rib-stiffened sandwich plate with length and width dimensions a and b in the x-and y-directions, the four-sided simply supported boundary conditions can be expressed as: 
which can be attributed to the fact that the sandwich plates have three generalized displacements on all four sides. In addition, the governing equation (17) shows that the highest derivation of w for x or y is 6. The solution of (17) satisfying the
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above boundary conditions (18) and (19) has the following form:
where ϖ is the natural frequency of the research structure and can be expressed explicitly as
with    
where λm = mπ/a, λn = nπ/b.
III. MODAL CALCULATION AND ANALYSIS VERIFICATION
In order to obtain accurate modal frequencies, the related research work is carried out according to the following three steps: in the first place, calculating the theoretical frequency f t of the research structure based on the foregoing computational model. Next, obtaining the simulation frequency f s by using FEM theory and the professional software COMSOL. Again, establishing the modal experimental platform for orthogonal rib-stiffened sandwich plates, and testing the experimental frquency f e by pulse excitation method.
A. Structural Attributes
For the orthogonal rib-stiffened sandwich structure shown in Figure I , the material is selected to be aluminum (subsequent expressions are represented by the element symbol Al), and the properties of the relevant geometries and materials are listed in Table I , all of which are as previously described. It is worth noting that the material characteristics of facesheets and ribstiffeners in the research structure are indicated by the subscript Al in this table. 
B. Simulation Modeling
As for the finite element simulation of thin-shell structures, the use of solid modeling not only makes the number of overall meshes increase sharply, but also seriously affects the computational efficiency. Therefore, the meshing of the research structure is completed depending on the following procedure.
(1) Perform solid modeling, mid-surface extraction, surface repair, and surface stitching in sequence to establish a corresponding surface model. The mesh quality statistics of the whole model are shown in Figure II . It is obvious that the quality of all grids in the finite element model is 1. The considerable meshes can effectively shorten the solution time while ensuring the accuracy of simulation results.
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C. Modal Testing Platform
For the sake of the correctness of theoretical and simulation modes, a modal testing platform is proposed to complete the experimental verification.
The main work of platform construction includes three aspects: firstly, develop a test sample of the research structure. To ensure the consistency of geometric structure, aluminum sheets with the same thickness as the theoretical model are selected to manufacture test components. Due to the particularity of aluminum material, the positions where the rib-stiffeners and facesheets are in contact with each other are difficultly connected by welding. Then the ribs are designed as 90° rightangled structures with wing plates, and the effective connection between ribs and facesheets is realized by riveting. Secondly, prepare a simple-supported clamp for the orthogonal ribstiffened sandwich plate. Different from traditional single-layer thin shells or thick plates, the simply supported condition of double-layer structures has certain difficulty in implementation. Therefore, two-way and one-way edge structures are adopted in the inside and outside of the two facesheets to confirm the test sample and simple-supported fixture meet the line contact condition. Thirdly, build a modal testing platform as displayed in Figure III based on the LMS system, developed test sample and simple-supported clamp. The pulse excitation method is used, and then the modal test of research structure is completed by means of single-point excitation and multi-point pickup. 
D. Comparative Analysis
In terms of the research structure, the corresponding modal frequencies ft, fs and fe can be achieved by combining theoretical calculation, simulation analysis and experimental test. In order to characterize the degree of difference between the three frequencies, a relative error εu is introduced to measure, that is
where subscript u = s or e.
The comparison of modal frequencies ft, fs and fe is shown in Table II . It can be seen that the first-order and second-order modes obtained by theoretical calculation, simulation analysis, and experimental testing are in good agreement for the disquistive orthogonal rib-stiffened sandwich plate. Relative to the theoretical natural frequency f t , the inherent frequencies of simulation and test are within the error range of 5%, and the three can perform decent accuracy verification with each other.
It worth pointing out that the natural frequencies measured by experiments are smaller than the same-order modal frequencies obtained by theoretical calculation and simulation analysis, which can be attributed to the manufacturing process of the test sample. The riveting connection between the facesheets and rib flanges reduces the overall stiffness of the research structure to a certain extent, which in turn affects the experimental modal frequencies. In addition, the first-order and second-order mode shapes of the simulation analysis and experimental test are shown in Figure IV. As can be seen from this figure that the vibration modes of the two can be well matched, and the first-order mode shapes show the two facesheets vibrating in opposite direction, while the second-order modes are in the same direction.
IV. CONCLUSIONS
This paper focuses on the modal characteristics of sandwich plates containing orthogonally rib-stiffened core in the condition of simply supported. Above all, based on the theory of orthotropic sandwich plate, a complete theoretical model is established to predict the natural frequencies. Furthermore, the corresponding modal analysis is achieved in COMSOL by the FEM to obtain the simulated modal frequencies. Finally yet importantly, a test sample and the matching simply supported fixture are developed, and a modal experiment platform is built in combination with the LMS test system. The test data are further experimentally verified for theoretical and simulated modal frequencies
Compared with an exact theoretical modal frequency, the same-order simulated and experimental natural frequencies are within the error range of 5%. The three can not only verify
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each other's accuracy, but also help to improve the theoretical and simulation models.
